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In phase I of their joint development programme BASF, Linde and RWE Power have successfully tested an 
innovative post-combustion capture technology at the pilot plant in Niederaussem – commercialised under the trade 
mark “OASE® blue” by BASF – with a specific energy demand of 2.8 GJ/tCO2 and a solvent consumption of around 
300g/tCO2. In April 2011, phase II of the project has started, which will run until the end of 2013. Corrosivity, long-
term stability of the scrubbing agent and its impact on emissions and the need for reclaiming are being investigated in 
a long-term trial. At the beginning of phase II, the pilot plant was modified in order to test two optimisation measures. 
Firstly, a new high-performance structured packing was installed, aiming at a reduction in the absorber’s cross-
sectional area by more than 35%. Pressure loss measurements and parameter studies were carried out to assess the 
performance of the new packing. Secondly, an additional washing section was installed at the top of the absorber. 
Owing to the fact that standards for measuring emissions of large-scale capture plants are not finally defined yet, 
different process configurations for emission reduction are being tested and optimised. This paper summarises the 
achievements of the testing programme and presents the results of the performance tests for the new structured 
packing and operational experience regarding emission reduction. 
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1. Introduction 
The most powerful lever influencing the CO2 avoidance costs of post-combustion capture (PCC) 
technologies is the specific energy demand of the capture process. In addition, also the rate of solvent loss 
is of major importance not only with regard to operational costs but also in connection with the mitigation 
of emissions and for reclaiming of the solvent. A third important starting point for reducing the costs of 
the capture plant is the design and size of the absorber, as the absorber accounts for a major part of the 
plant’s investment costs. The absorber design is particularly determined by the kinetics of the reaction 
between CO2 and the solvent and by the performance of the structured packing used. However, a 
prerequisite for implementing innovations in these different fields is a profound long-term testing of the 
technology under real power plant operating conditions. Therefore, phase II of the joint development 
programme of BASF, Linde and RWE Power is dedicated to long-term validation and optimisation of an 
innovative capture technology comprising a new optimised scrubbing agent, improved system design and 
a flexibly adjustable emission mitigation system. The results of project phase II are to serve as basis for a 
commercially viable large-scale application of the innovative capture technology.  
1.1. Development programme 
The first phase of the joint development programme started in 2007. During phase I, BASF, Linde and 
RWE Power successfully erected a CO2-scrubbing pilot plant at RWE Power’s Niederaussem lignite-fired 
power station BoA 1 [1, 2]. Being part of RWE Power’s Coal Innovation Centre, the plant is coupled with 
some other testing plants so that it is possible to feed the CO2-scrubber with flue gas from the combustion 
of raw lignite as well as of dry lignite produced in the WTA® prototype plant (fluidised bed drying with 
internal waste heat utilisation). Furthermore, flue gas can be supplied either by the conventional flue gas 
desulphurisation facility (FGD) at the BoA 1 power plant (1,000 MW) or by the high-performance 
desulphurisation pilot plant. Thus, the CO2-capture technology is not developed in isolation under 
idealised conditions. Aspects like e.g. the adaptability to a wide range of process conditions, varying 
operating conditions of the power plant unit supplying the flue gas and the application of advanced 
process and plant technology are all taken into account in the development and technology validation 








Fig. 1. Timeline and structure of the development programme 
comprising the finalised phase I and the ongoing phase II. 
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Fig. 2. Process flow diagram of the pilot plant at Niederaussem extended 
by the new washing section at the top of the absorber. 
Tests were performed using MEA (cf. Figure 1) as well as an innovative post-combustion capture 
technology on the basis of new amine-based scrubbing agents developed by BASF (provisional names: 
GUSTAV200, LUDWIG540). The specific energy demand of the developed CO2-capture technology – 
commercialised by BASF under the trade mark “OASE blue”– is 2.8 GJ/tCO2, which is 20% less than the 
best results that were achieved using MEA. The BASF in-house non-equilibrium simulation model 
forecast and reproduced results of parameter studies within the range of experimental uncertainty. This 
self-consistency is decisive for the design of large-scale capture plants. Additionally, the new capture 
process with its proprietary new scrubbing agent is characterised by a lower solvent flow rate compared 
with a MEA-based one, a very low specific solvent loss of 300 g/tCO2 and a high stability of the scrubbing 
agent against oxygen. In contrast to the behaviour of MEA, the oxidation rate of “OASE blue” was so low 
that, even after six months of operation, the concentration of accumulated degradation products in the 
solvent did not suffice to enable a final assessment regarding solvent stability and material resistance 
against corrosion. Long-term experiments with the new solvent are therefore necessary to gain a deeper 
understanding of its degradation and the build-up of reaction products as a function of the flue gas 
composition. That is why no reclaiming system has been installed up to now. Of particular interest in this 
context is the entrainment of dust, SO2, SO3, NOx, HCl and HF into the solvent with the flue gas.  
For this reason, the cooperation partners decided to perform a long-term trial in a second project phase 
in order to answer open questions regarding corrosion of plant components, long-term stability of the 
scrubbing agent and its impact on emissions as well as the need for reclaiming. In April 2011, phase II of 
the project has started, which will run until December 2013. 
Prior to the long-term trial, the pilot plant was modified to test two optimisation measures identified 
during phase I: the absorber packing was exchanged and an additional washing section at the top of the 
absorber was installed. The Niederaussem pilot plant, despite its compact structure, has originally been 
designed to allow the exchange of the absorber packing. After phase I, the existing packing was replaced 
with a new high-performance structured packing developed by Sulzer Chemtech, aiming at a reduction in 
the absorber’s cross-sectional area by more than 35%. In a next step, an additional washing section was 
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installed at the top of the absorber to test several process alternatives for emission reduction under real 
power plant operating conditions. Therefore, the pilot plant was equipped with online infrared 
spectroscopy analysers in order to determine the concentration of some specific compounds in the CO2-
lean flue gas and the captured CO2. The new washing section also allows the addition of additives to the 
washing water. In phase II of the development programme, several possible configuration alternatives are 
being tested and evaluated in terms of technical and economical aspects in a trial extending over more 
than two years. This is necessary since emission limits and measuring standards for large-scale post-
combustion capture plants are not finally defined yet. 
Moreover, it is planned to combine the operation of the CO2-scrubbing pilot plant with that of the 
REAplus high-performance desulphurisation pilot plant. Thanks to REAplus, it is possible to lower the 
concentration of SO2 in the clean gas to below 10 mg/mN
3 so that the application of sodium hydroxide in 
the pre-scrubbing stage of the CO2-scrubber (as in combined operation with a standard FGD) is not longer 
necessary. Therefore, investigations into the accumulation of inorganic trace elements from REAplus 
clean gas in the solvent and their effects on process performance, degradation, emissions and the 
corrosivity of the solvent are a major part of the long-term trial in phase II. 
2. The Niederaussem pilot plant 
2.1. Basic design 
The plant is designed to capture up to 7.2 t of CO2 per day from a partial flow of the flue gas 
(1,550 mN
3/h, cf. Table 1) from the BoA 1 power plant. When flue gas is supplied by the conventional 
FGD of BoA 1, it is first cooled in a pre-scrubber stage and cleaned of any remaining sulphur components 
by means of sodium hydroxide solution. In combined operation with REAplus, which reduces the SO2 
content in the scrubbed gas to less than 10 mg/mN
3, the addition of sodium hydroxide can be omitted.  
The CO2 absorber is equipped with a structured packing. At the top of the column, the CO2-lean flue 
gas is returned to the flue gas flow of the power plant. The CO2-loaded scrubbing solvent is pumped from 
the absorber sump to the desorber where heat is supplied. As a result, the CO2 is released and discharged 
at the top of the desorber column into the flue gas flow of the power plant or into a CO2 
compression/liquefaction and filling station, which has started operation in February 2011. The 
regenerated solvent from the desorber sump is first cooled and then pumped to the absorber, closing the 
solvent loop. To optimise the process, the solvent can be fed into the absorber at various heights and can 
be extracted, cooled and returned via an interstage cooler (cf. Figure 2). 
The pilot plant has about 275 instrumentation and on-line analysis points, which allow the plant’s 
performance to be monitored in great detail. There are several options to extract samples from gas and 
liquid flows so that any data for process engineering or mass balancing purposes can be covered.  
The pilot plant at Niederaussem offers extraordinary possibilities for testing and assessing all aspects 
of a capture process. For the first time in a post-combustion capture pilot plant, the MEA consumption 
and the measured loss of MEA by emissions and the accumulation of degradation products in the solvent 
could be balanced and some emission data were published [3, 4]. 
The development programme also includes a comprehensive material testing campaign. The corrosion 
behaviour of flange/tube/flange components and steel and plastic coupons is being studied. Besides 
various sealing materials for flanges and heat exchangers, a concrete module with a plastic lining is also 
being tested as an option to reduce the absorber’s construction costs. Those samples are arranged at 
locations in the plant that enable the materials to be studied under all different corrosive conditions which 
may occur in the process [5]. 
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Table 1: Design parameters and performance data of the Niederaussem pilot plant. 
2.2. Modifications in phase II – structured packing 
It has already been mentioned above that the large dimensions of the absorber column account for a 
major share in the plant investment costs. The packing height and, consequently, the absorber column 
height mainly depend on the performance and the kinetics of the respective solvent. In phase II, it is 
therefore being tested to which extent the column diameter can be reduced by the application of a high-
performance packing.  
It had been decided to test a new high-performance packing developed by Sulzer Chemtech. Despite 
its compact structure, the pilot plant has been designed to enable easy exchange of the absorber column 
packing. Each packing bed was installed in a separate, flanged section.  
 
Fig. 3. Replacing of the absorber packing. 
Design and operational parameters   
Flue gas flow [mN3/h] 1,550 
Captured CO2  [tCO2/day] <7.2 
Flue gas temperature  [°C] 63 
SO2 content in flue gas (after conventional 
FGD) 
[mg/mN3, dry] 60 
SO2 content in flue gas (after REAplus) [mg/mN3, dry] <10 
Pilot plant availability  [%] 97 
Operational time since commissioning [h]  19,400 
Overall captured amount of CO2 [t] 4,500 
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During the exchange process, each section was dismantled, lifted and moved inside the skid so that the 
packing could be removed from the top of each section (Figure 3). 
Besides the hydraulic capacity of the packing, the washing performance of the packing was to be 
tested under the real conditions of a full-scale plant. To ensure these conditions, the column diameter was 
reduced so that the target F-Factor of a full-scale plant was reached. The new packing was installed in 
skirts to reduce the inner column diameter. The column cross-sectional area was reduced by more than 
35%. Each packing bed of the washing section was replaced using this method. 
2.3. Modification in phase II – emission mitigation system 
In addition to low investment costs, low emissions in the purified flue gas are also key to the PCC 
technology’s success, especially in terms of public acceptance. The gas stream leaving the top of the 
absorber can contain small amounts of amines which have been transported from the liquid phase. Those 
small amounts must be removed to reduce the solvent loss and to avoid emissions of amines. Other 
volatile side products formed by degradation reactions inside the amine unit will also be transported to the 
gas phase in certain amounts depending on their vapour pressure. In order to minimise emissions, amine 
systems with a relatively low volatility are selected. However, this does not guarantee a zero emission 
technology. 
Therefore, one important objective of phase II of the joint development programme is to optimise the 
emission control system for the treated flue gas at the outlet of the absorber column. In its original state, 
the pilot plant had been equipped with only one water washing section at the top of the absorber column. 
In this bed, water circulates in countercurrent flow to the gas stream. Most of the water running down the 
bed is recirculated to the top of the washing step, whilst a small amount is fed back to the absorber to 
maintain the water balance in the unit. Before re-entering the bed, the water can be cooled down in a heat 
exchanger built in the recycle stream (cf. Figure 2). The temperature and the volumetric flow of the water 
are the main operating parameters to be adjusted. 
 
Fig. 4. Niederaussem pilot plant before modification (left); 
installation of the new washing column at the top of the absorber (right). 
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Fig. 5. Operation and performance of the pilot plant during project phase II. 
This layout offered very few options to test different process configurations. That is why it had been 
decided to install an additional washing column for the treated flue gas. Figure 2 shows the layout of the 
new washing column in pilot plant’s overall process flow diagram. This second column contains no heat 
exchanger. As before, the fluid phase is operated in cycle. However, in this case no stream is recirculated 
to the unit, but purged (condensate in Figure 2). This configuration enables us to operate the washing step 
using fluids different to pure water. For instance, the pH-value of the washing solution can be modified. 
The use of acidic solvents to separate amine or other basic compounds from a gas stream is well known in 
industrial applications such as foundry industries and has been often reported in the literature [6, 7]. For 
the separation of ammonia, hydrogen cyanide and pyridine from coal gases, diluted nitric acid or 
sulphuric acid are commonly used [8]. In fact, the reaction between ammonia and sulphuric acid produces 
a salt that can be further used as a valuable product in the agro-chemical industry. The well-known 
Phosam technology developed by USX Corporation to remove ammonia from coke-oven gas using 
phosphoric acid provides another example of the use of acidic solvents for the removal of basic 
components [9]. In our case, an aqueous solution of an inorganic acid is used to lower the pH of the liquid 
phase. This promotes the absorption of the basic components travelling with the gas into the liquid phase. 
The absorbed components form ionic compounds which do not have any vapour pressure and therefore 
cannot be emitted. In this case, the pH-value of the solution is the main operating parameter to adjust. 
Special attention must be paid to the formation of salts and the consequent need of purge. Figure 4 shows 
the installation of the additional column at the top of skid 1 at a height between 30-40 m. All internals 
were already installed before lifting. 
With the new washing column, a greater number of different process configurations can be tested, 
which is necessary in light of the technical and economic optimisation of the emission mitigation system. 
There are several effective technologies available or under development for reducing emissions 
practically to any desired level. However, the following questions cannot be answered up to now: which 
are the technically and economically most efficient methods and which residual fractions of trace 
elements should reasonably be aimed at? Moreover, there are no uniform international standards for 
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sampling, conditioning and analysis in the context of studying volatile trace elements in the gas flows 
released by PCC plants. It is also not defined to what extent the measurement and emission-mitigation 
approaches elaborated to date are universally applicable i.e. to any CO2-scrubbing process and to various 
solvents. The long-term trial in project phase II is also dedicated to investigating these issues. 
3. Testing programme and results 
3.1. Pilot plant operation  
As it was already the case in phase I, plant operation in phase II of the joint development programme is 
characterised by a very high availability of the CO2-scrubbing unit. In 97% of the time, the plant was 
either operated or in a planned outage. Such a planned outage can be seen in Figure 5 (around 15,000 to 
16,000 operating hours) where the packing exchange took place in autumn 2011. Other reasons for 
outages are shut-downs of the BoA 1 power plant. Unplanned outages accounted for only 3% of the total 
operating time. Until the middle of 2012, the plant has completed 19,000 operating hours in total since its 
commissioning in 2009, and a total amount of more than 4,500 t of CO2 has been captured. 
3.2. New structured packing 
Immediately after the absorber packing had been exchanged, the testing programme started (in late 
2011). Testing was to show if the new packing could achieve a hydraulic capacity comparable to the 
previous ones at similar or even lower pressure drops and with a comparable washing performance i.e. 
specific energy consumption. 
Parameter testing was done under the same operating conditions as for the previous packing in order to 
enable direct comparison of the performance of the previous and new packing. The test results underline 
very clearly that the hydraulic capacity of the high-performance packing is excellent compared with the 















Fig 6. Hydraulic performance of the high-performance packing (F-Factor = vGas  Gas0.5). 











Fig. 7. Specific energy consumption after the installation of the high-performance packing. 
Figure 6 shows that the pressure drop of the new packing is significantly lower compared with the 
previous packing, even at higher gas loads. The higher gas load for the new packing is due to the reduced 
column diameter.  
Moreover, it can be seen from the representative test results given in Figure 7 that the washing 
performance in terms of specific energy consumption of the new packing is at the same level as with the 
previous ones. The plant’s specific energy consumption of 2.8 GJ/tCO2 for the previous packing could be 
reached for the new high-performance packing as well.  
Thus, the application of the new high performance packing yields two important advantages for 
demonstration or full-scale plants: 
1. Significant reduction in CAPEX costs due to a reduced column diameter. 
2. Lower electric energy consumption of the flue gas blower due to a lower pressure drop. 
3.3. New emission mitigation system 
The initial results obtained at the pilot plant for the new washing column clearly indicate the strong 
effect of the pH. In addition, evidence has been found that the circulation of a strong acidic solution might 
reduce amine emissions to an extremely low level. Work in this area is still in progress. 
Further testing has been done for the water washing section at the top of the absorber column. 
Variations in the volumetric washing water flow showed no significant advantage after a critical value. 
This value corresponds to a more or less equal gas outlet temperature and washing water inlet temperature 
at the top of the washing section. 
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Fig. 9. Total hydrocarbon content in the gas phase measured after the washing section for two scenarios: 
using a standard configuration with four packing modules in the absorber (2nd - 5th July) 
and “dry-bed” mode using the highest packing section as an additional washing step (from 7th July). 
 Peter Moser et al. /  Energy Procedia  37 ( 2013 )  2377 – 2388 2387
However, the inlet temperature of the washing water appeared to be a very relevant parameter, having 
a major influence on the absorption of the volatile components in the liquid phase. Figure 8 depicts the 
amine emissions after the water washing section for different water temperatures. In this case, amine 
emissions were recorded to be much lower for higher water temperatures (60°C) than during the time 
when the temperature of the water approached 30°C. This trend contradicts the thermodynamic 
knowledge which indicates that the vapour pressure decreases with decreasing temperature. At higher 
water temperatures, the gas leaves the unit with a higher amount of water. This water needs to be 
compensated by a greater amount of makeup water. This additional fresh water lowers the concentration 
of the components in the recycle, shifting the equilibrium and increasing the driving force for separation. 
This partly explains the lower emission values measured in cases with higher water temperatures. 
Additionally, reasons beyond pure thermodynamic equilibria such as the mass transfer of the components 
from the gas phase into the liquid phase and potential entrainments have to be taken into account as well. 
A third configuration has been tested at Niederaussem which delivered results worth mentioning. As 
indicated in Figure 2, the absorber is divided into four beds. In cases where the absorption is not limited 
by mass transfer, three out of four beds may be enough to reach the absorption equilibrium at the bottom 
of the absorber. This allows us to use the highest absorber bed (fourth bed counted from the absorber 
bottom) as an additional washing step. 
In this case, the amine solution was introduced between the third and the fourth bed in the absorber, 
counted from the absorber bottom. As mentioned before, a relatively small amount of the water running 
down the washing section is fed to the top of the absorber, i.e. to the fourth bed counted from the absorber 
bottom. This water stream proved to be sufficient to wet the packing and to contribute significantly to the 
absorption of amine components from the gas phase. Figure 9 shows a comparison between the emissions 
measured when the standard configuration is used (2nd to 5th July) versus the measurements performed 
when the fourth packing section is used as an additional washing step, also called “dry-bed” 
configuration. 
Surprisingly, the results of the separation of such a “dry-bed” system outperformed the results 
achieved in the washing section at the top of the absorber. The more often described washing step, 
containing a cyclic water stream, is limited to one theoretical separation stage due to the recirculation of 
the liquid phase, while the “dry-bed” system can reach a higher separation efficiency due to the fact that it 
is operated in countercurrent flow without any recirculation. 
4. Conclusion 
In the middle of 2011, the project partners BASF, Linde and RWE Power have entered phase II of 
their joint development programme at the CO2-scrubbing pilot plant at RWE’s BoA 1 power station in 
Niederaussem, Germany. 
At the beginning of phase II, a new high-performance packing developed by Sulzer Chemtech has 
been installed in the absorber column and the column’s cross-sectional area has been reduced by more 
than 35%. Operational test results show that, similar to the previous state-of-the-art packing, a specific 
energy consumption of 2.8 GJ/tCO2 can also be reached with the new packing. However, the new packing 
shows a far better hydraulic performance in terms of lower pressure loss, even with high gas loads 
compared with the previous packing. The application of the new packing thus offers potential for 
significant reductions in plant investment and operating costs due to the smaller dimensions of the 
absorber and the lower energy demand of the flue gas blower. 
Besides the new absorber packing, another washing column was also installed in the purified gas flow 
downstream of the absorber. In this washing section, additives may be fed to the washing water. Test 
results show that amine emissions in the purified flue gas can be reduced to an extremely low level when 
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a strong acidic solution is used as washing liquid. Furthermore, it was discovered that an increase in the 
water inlet temperature of the washing section at the top of the absorber leads to significantly lower amine 
contents in the purified flue gas, which contradicts thermodynamic knowledge. Moreover, the so-called 
“dry bed” configuration has been tested. In this case, the uppermost absorber packing bed is not loaded 
with scrubbing agent, but with a comparably low amount of water which is just sufficient to wet the 
packing. It has been demonstrated that this additional washing step also significantly contributes to the 
capture of amine emissions from the purified flue gas. Further investigation will be conducted in all three 
mentioned areas.  
Phase II of the joint development programme is scheduled to run until late 2013. Besides further 
testing in the area of emission mitigation, it is planned to operate the CO2-scrubber in combination with 
the REAplus high-performance desulphurisation pilot plant and to conduct further investigations into 
long-term stability of the scrubbing agent.  
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